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1. The control of arousal
Waking and drug abuse
Drug abuse only occurs during waking. We experience withdrawal or relapse to drug abuse only when awake. Higher motor activation while awake has been associated with greater addiction liability. The ventral tegmental area (VTA), a key neural substrate for the modulation of drug abuse, is modulated by reticular activating system (RAS) output, particularly from the pedunculopontine nucleus (PPN). The RAS modulates oscillating rhythms between the thalamus, hypothalamus, basal forebrain, and cortex that are characterized in the EEG during wake-sleep states [1] . The RAS is not an amorphous, unspecific region but rather a group of distinct nuclei with specific intrinsic membrane properties that dictate their firing frequencies during waking and sleep. All three main nuclei in the RAS, the PPN that is partly cholinergic, the locus coeruleus (LC), which is mainly noradrenergic, and the raphe nucleus (RN), which is mainly serotonergic, have been described as affecting neural substrates related to addiction like the VTA. These VTA inputs are critical because the basal activity of VTA neurons can be functionally associated to vulnerability to drug abuse [2] .
The PPN contains cholinergic, glutamatergic, and GABAergic neurons [3] . The cholinergic output has a net excitatory effect on LC and RN neurons [4, 5] . Importantly, one of the targets of PPN noncholinergic neurons is the VTA [6] . Cholinergic efferents from the PPN to the VTA form a loop that includes the medial prefrontal cortex (mPFC). This loop is composed of mPFC glutamatergic efferents to dopaminergic (DA) and GABAergic neurons in the VTA and to the nucleus accumbens (NAcc) through a polysynaptic circuit that includes the PPN. In addition, VTA sends dopaminergic and GABAergic efferents to the NAcc. Activation of the PPN thus increases VTA dopaminergic output, and increases extracellular DA levels in the NAcc and mPFC [7] , which suggests that the PPN in part regulates the reward and motivational functions of the VTA [8] . In turn, increased glutamatergic efferent activation from the mPFC would in turn reduce VTA dopaminergic output through its direct activation of local GABAergic interneurons in the VTA. Recent optogenetic experiments confirmed that PPN-VTA pathway stimulation can induce psychostimulant-like behavior in the absence of drug administration [9] .
The noradrenergic input from the LC to the PPN is inhibitory, presumably via alpha 2 adrenergic receptors [10] . Furthermore, the RN sends inhibitory serotonergic projections to both PPN and the LC [11] . Other inhibitory inputs to the PPN come from GABAergic neurons in the substantia nigra (SN), an area also involved in the locomotor activation produced by psychostimulant administration. Since midbrain dopaminergic neurons originating in the VTA and SN pars compacta (SNc) have been previously described as the neural substrates underlying individual vulnerability to drug addiction [12] [13] [14] , understanding the functional modulation of the VTA and SNc by the RAS is key to understanding how reinforcing, drug craving, and the effects of drugs of abuse are modulated by a wake-promoting nucleus such as the PPN.
State-dependent activity
The LC and RN fire during waking and also during slow wave sleep, with the pedunculopontine nucleus (PPN) being the only RAS cell group firing during both waking and rapid eye movement (REM) sleep, states of high frequency beta/gamma band EEG activity [15] . Single cell recordings in PPN in vivo identified several categories of thalamic projecting PPN cells distinguished by their firing properties relative to ponto-geniculo-occipital wave generation [16] . Some PPN neurons fired at low rates (< 10 Hz), but most fired in the beta/gamma range . PPN neurons exhibit beta/gamma frequencies in vivo during active waking and REM sleep, but not during slow wave sleep [16] [17] [18] [19] [20] [21] . Similarly, the presence of gamma band activity has been confirmed in the PPN in relation to the cortical EEG of the cat in vivo when the animal is active [16, 22] ; and in the region of the PPN in humans during stepping, but not at rest [23] . A recent study showed that PPN neurons exhibited low firing frequencies ∼10 Hz at rest, but the same neurons fired at gamma band frequencies when the animal woke up, or when the animal began walking on a treadmill [24] . That is, the same cells were involved in both arousal and motor control. Thus, there is ample evidence for gamma band activity during active waking and movement in the PPN in vitro, in vivo, and across species, including man.
PPN neurons showed increased firing rates during REM sleep, named "REM-on" cells, or both waking and REM sleep, named "Wake/ REM-on" cells, and some cells fired only during waking, called "Wakeon" cells [16, 17, 19] , suggestive of increased excitation only during activated states. Stimulation of the PPN potentiated the appearance of beta/gamma oscillations in the cortical EEG, outlasting stimulation by 10-20 s [25] . These findings emphasize the fact that PPN neurons are mainly active during states of arousal marked by high frequency EEG activity such as waking and REM sleep.
Major Breakthroughs

Electrical coupling in the RAS-
We demonstrated the presence of cells in the PPN, as well as in its ascending target the Parafascicular nucleus (Pf), and in its descending target, the Subcoeruleus nucleus dorsalis (SunCD), a proportion (7-10%) of which were electrically coupled [26] . This was the first finding suggesting a role for electrical coupling in wake-sleep control. Electrical coupling through (Cx36) 36 gap junctions has been described in the reticular nucleus of the thalamus, the site of slow wave generation [27] [28] [29] , so that its presence in wake-sleep regions is well known. In fact, gap junction blockers such as halothane and propofol are among the most rapidly acting anesthetics [30, 31] . The role of electrical coupling is to allow neurons to fire together, regardless of frequency. Modafinil, a stimulant used for the treatment of narcolepsy and excessive daytime sleepiness, was found to increases gap junctions, driving coherence at high frequencies to promote arousal [32] . We also found that input resistance in PPN and SubCD, mainly GABAergic, neurons was reduced by modafinil [33] . Thus, electrical coupling in the RAS serves to synchronize activity across populations of cells, blockade of electrical coupling induces anesthesia, and such coupling is increased by the stimulant modafinil to induce arousal.
Gamma band intrinsic membrane oscillations
We also discovered that all PPN cells fired maximally at gamma band frequency when depolarized using current steps [34] . We identified the mechanism responsible for this ceiling in firing as high threshold, voltage-dependent calcium channels [35] . Basically, rampinduced membrane depolarization resulted in beta/gamma frequency intrinsic membrane oscillations at −30 mV to −10 mV, suggesting that the location of these channels was away from the cell body [35] . This was confirmed using fast calcium imaging demonstrating that the channels are located all along the dendrites of these cells [36] . Pharmacological studies established that the calcium channels involved were N-and P/Q-type [35, 37, 38] .
The most impressive element in these findings was that all PPN neurons manifested these channels, regardless of transmitter type, cholinergic, glutamatergic, or GABAergic [37, 38] . Moreover, there are three electrophysiological types of PPN cells, namely neurons with a low threshold spike (LTS) (type I, which are non-cholinergic), A current (type II, 2/3 of which are cholinergic), and both A + LTS currents (type III, 1/3 of which are cholinergic) [39] [40] [41] , and they all bear these channels. However, not all PPN cells have both channels. Our studies showed that ∼50% of PPN neurons have both channels, but 20-30% have either N-type channels or P/Q-type channels [42, 43] . Fig. 1 shows the distribution of PPN cells by electrophysiological type I, type II, or type III, and by the presence of high threshold N + P/Q, P/Q only, or N only channels. But there is a yet more surprising detail to the manifestation of these calcium channels in PPN cells. Injections of glutamate into the PPN increased waking and REM sleep [44] , while injections of the glutamatergic receptor agonist N-methyl-D-aspartic acid (NMDA) increased only waking [45] , and injections of the glutamatergic receptor agonist kainic acid (KA) increased only REM sleep [46] . These findings suggest that waking is modulated by NMDA, while REM sleep is modulated by kainic acid, input to the PPN. Intracellularly, protein kinase C (PKC), which modulates KA receptors, enhances N-type channel activity and has no effect on P/Q-type channel function [47] , but CaMKII, which modulates NMDA receptors, was shown to modulate P/Q-type channel function [48] . That is, the two calcium channel subtypes are modulated by different intracellular pathways, N-type by the cAMP/PK pathway, and P/Q-type via the CaMKII pathway. The implications from all of these results are that, a) there is a "waking" pathway mediated by CaMKII and P/Q-type channels and a "REM sleep" pathway mediated by cAMP/PK and N-type channels, and b) different PPN cells fire during waking (those with N + P/Q and only P/Q-type) vs REM sleep (those with N + P/Q and only N-type) [37, 38, 49, 50] .
We should note that the main ascending target of the PPN, the Pf, also manifests gamma band activity mediated by high threshold calcium channels [51] , which are localized in the dendrites [52] , while the main descending target of the PPN, the SubCD, manifests sodium-dependent subthreshold oscillations [53] . That is, all of these cell groups exhibit beta/gamma frequency intrinsic membrane oscillations and export beta/gamma band activity to their targets.
Gamma band activity
Gamma band activity appears to participate in sensory perception, problem solving, and memory [54] [55] [56] [57] . Gamma band activation among thalamocortical networks [58] , and in other neuronal groups is thought to contribute to the merger, or "binding", of information originating from separate regions [59] . On the other hand, gamma oscillation deficits have been suggested as a pathophysiologic feature of a number of diseases [60] [61] [62] . The question then becomes, is gamma band activity in the PPN expressed at the level of the cortex? As far as the cortex is concerned, the difference between gamma band activity during waking vs REM sleep appears to be a lack of coherence [63] . That is, brainstem driving of gamma band activity during waking carries with it coherence across distant cortical regions, while driving of gamma band activity during REM sleep does not include coherence across distant regions [63, 64] . Also, carbachol-induced REM sleep with cataplexy is characterized by decreased gamma band coherence in the cortex [65] . These results suggest that, a) brainstem centers drive gamma band activity that is manifested in the cortical EEG, and b) during waking, brainstem-thalamic projections include coherence across regions. Moreover, during REM sleep, which is controlled by the SubCD region since lesion of this region eliminates REM sleep, and injections of carbachol induce REM sleep signs, the PPN-SubCD pathway drives cortical EEG rhythms without coherence [64] .
Based on the presence of electrical coupling, of intrinsic membrane properties, and of circuitry capable of generating and maintaining beta/ gamma band activity throughout our waking hours, we proposed a novel role for beta/gamma band activity in the RAS. While the usual role for gamma band activity in the cortex is that of sensory or motor binding, we suggested that tonic activation of the RAS during waking manifests gamma activity essential to a state capable of reliably assessing the world around us [1, 37, 38, 49] . We suggested that a mechanism similar to that found in the cortex for achieving temporal coherence at high frequencies is present in the PPN and its subcortical targets (e.g., Pf and SubCD), and that gamma band activity and electrical coupling generated in the PPN stabilizes the coherence that is essential for a stable activation state. That is, sensory input and ongoing beta/gamma band activity in the RAS participates in preconscious awareness [1, 37, 38, 49] .
Drug abuse, gap junctions, and calcium channels
Virtually no attention has been paid to the relationship between gap junctions and high threshold calcium channels in the PPN and drug abuse aside from its potential role in activating reward pathways [14] . There will likely be changes in these mechanisms during acute and/or chronic exposure to certain drugs of abuse, but the more critical question is: what changes in the PPN are related to the addictive process or to its relapse?
Some studies have addressed gap junctions and cell adhesion molecules in the VTA. VTA neurons express Cx36 gap junctions [66, 67] , and more recent results showed that Cx36 gap junctions play a critical role in regulating inhibition of VTA dopaminergic neurons [66] . Acute exposure to ethanol decreased electrical coupling between VTA neurons, an effect duplicated by the gap junction blocker mefloquine [66, 68] . These results suggest that the dopaminergic pathway most involved in attention to rewarding stimuli, learned behavior, and drug addiction [69] , is modulated by gap junctions. It is possible that, just as electrical coupling in the RAS provides coherence related to a stable arousal state, gap junctions in the reward circuit provide synchronization of activity related to appropriate reward perception. Disturbances in this modulation could be responsible for skewed responses to rewarding stimuli. Moreover, cell adhesion molecules that are involved in intercellular connections are over-represented in addiction-associated genes [70] . Thus cell adhesion molecule expression specifically in dopamine neurons could impact electrical coupling in circuits related to addiction and drug abuse.
These findings, coupled with the discovery of electrical coupling in the RAS, point to the coherence in the maintenance of arousal and in VTA reward responses as potential contributors to dysregulation in reward perception. The PPN-VTA pathway thus gains added importance in determining the background of arousal on which rewarding stimuli are evaluated. Disturbances in the maintenance of gamma band activity in the PPN or the VTA will permit peripatetic firing patterns unable to maintain high frequency activity necessary for appropriately evaluating the world around us. Therefore, the manner in which drugs of abuse alter, acutely or in the long run, the coherence of PPN-VTA circuitry needs considerably more attention.
Some interesting results on the role of high threshold calcium channels in VTA have been forthcoming. Voltage-dependent calcium channels, specifically N-type channels, were found to increase dopamine release following their pharmacological blockade [71] . In N-type channel knockout animals there is reduced alcohol consumption and resistance to the acute intoxicating effects of alcohol [72] . Although the two studies would seem to imply opposite actions, these findings point to N-type calcium channels as a possible target for abuse intervention. Of course, the cellular localization of these channels is still lacking, i.e. dopaminergic or non-dopaminergic, as is any role for P/Q-type calcium channels. It remains to be determined if N-and P/Q-type channels modulate high frequency membrane oscillations in VTA neurons. For example, we know that PPN cells project to intralaminar thalamus (Pf) and activate Pf neurons with N-and P/Q-type calcium channels, which are expected to pass on the high frequency activity. It is not clear if the PPN input to VTA also acts to promote high frequency activity in the VTA.
These and additional studies are needed to explore the role of electrical coupling and high threshold calcium channels in the actions of drugs of abuse. For example, do P/Q-type calcium channels also alter dopamine release (as do N-type channels [71] ? While P/Q-type channel knockouts reduce gamma band activity, is that one mechanism behind the soporific effect of agents such as alcohol? It has been suggested that P/Q-type calcium channel over expression may be one mechanism behind insomnia [1] . Do drugs of abuse such as stimulants affect the expression of these channels or of N-type channels for that matter? Since the most plausible manner for modulating these channels is through their respective intracellular pathways, do drugs of abuse alter CaMKII (that regulates P/Q-type channels) and/or cAMP/PK (that regulates Ntype channels) specifically in the PPN? These are only a few of the potential avenues for developing a more complete idea of the role of arousal in drug abuse.
The role of the specific and non-specific thalamus
Psychostimulants like cocaine have been found to affect thalamocortical networks through their well-known inhibition of cathecholamine reuptake from RAS afferents to the thalamocortical system [73, 74] . In rodents, an enhancement of spontaneous GABA release from thalamic reticular nucleus neurons was described after repetitive cocaine administration (i.e., binge-like administration: 3 cocaine injections at 15 mg/kg; i.p., one hour apart) [75] [76] [77] [78] . Higher levels of GABA release at thalamic levels were correlated with abnormally high levels of low frequency oscillations in the cortical EEG [75] . Such abnormal rhythmicity of thalamocortical columns has been previously described as one of the underlying mechanisms associated with several neurological and psychiatric conditions termed thalamocortical dysrhythmia syndrome [79, 80] .
Cocaine has been found to mediate alterations of the level of expression of Ca V 3.1 T-type calcium channels in the membrane of thalamocortical neurons [75, 76] . These channels are widely expressed in thalamocortical and thalamic reticular neurons [81, 82] , and play a crucial role in maintaining sleep [83] . The combination of higher Ttype channel activation plus higher synaptic GABAergic activity induced by cocaine administration in mice was suggested to "lock" the whole thalamocortical system at low frequencies, an effect demonstrated in EEG recordings [75] , and which is associated with thalamocortical dysrhythmia syndrome [79, 80] .
The role of the hypothalamus
A role for the hypocretin system of the hypothalamus in the response to acute stress has been convincingly advanced [84] . The idea is that this system, which was proposed to participate in the stability of arousal [85] , is part of the circuitry involved in the stress response and may facilitate the resumption of drug seeking behavior. Much attention has focused on hypothalamic neurons in the control of waking, a leading lab optogenetically engineered animals that have rhodopsin cation channels in orexin and in noradrenergic LC cells [86] . They showed that light activation of orexin neurons requires ∼20 s of stimulation before waking ensues, implying that orexin output must travel elsewhere before the animal awakens. When they light activated LC cells, the animals awoke immediately, within 1-2 s, but if LC was lightinactivated by expressed anion channels, orexin neuron stimulation failed to awaken the animals. This result suggests that orexin neurons must first affect a descending RAS target, the LC, to induce a waking effect in vivo. That is, the lateral hypothalamic system acts through the RAS to elicit arousal. Moreover, the long latency required to induce arousal after orexin neuron activation suggests that this region "recruits" rather than "induces" waking. The result showing that optogenetic inactivation/inhibition of the LC in advance of activation of optogenetically altered orexin neurons fails to induce waking [86] suggest that, in the absence of the RAS, orexin cells cannot induce arousal. That is, descending orexin projections to the RAS may be essential for these cells to ultimately have an effect on waking.
In addition, the role of these neurons is modulated by sleep deprivation. Optogenetic stimulation experiments found that sleep deprivation blocked the ability of orexin to activate its downstream targets and induce waking [87] , suggesting that these neurons can be prevented from eliciting waking by sleep deprivation. Therefore, rather than a specific role in arousal, hypocretin neurons have been implicated in the integration of motor, metabolic, circadian, and limbic inputs that can influence sleep to wake transitions [88] . It is clear, however, that orexin projections are not the final common pathway for arousal.
A note about optogenetics
Optogenetic tools derived from microbial (type I) or animal (type II) opsins are widely used in a fast growing area of neuroscience that combines several animal models in order to target subpopulations of neurons within particular tissues/brain areas [89] . While this is a powerful technology, there are a number of caveats that need to be remembered. First, the combination of behavioral with optogenetics methods require in many cases the implantation of an optical fiber to deliver blue light capable of reaching subcortical structures. Recent studies show that blue light activates cells that do not expressed opsins [90] . Then there is the issue of latency. Although rapid resolution of opsins like channelrhodopsin or archaerhodopsin allow the study of fast interactions between cell groups, their association with behavioral events is not always rapid or direct. This makes it difficult to interpret multifactorial behavioral assays (i.e., sleep, anxiety, fear, or depression tests) due to the long latency between stimulation and behavioral event. Thirdly, the methodology employs the genetic introduction of the opsin using a vector, usually viral or transgenic, attached to a promoter that overexpresses the protein. Therefore, expression of opsins might permanently alter synaptic activity among brain nuclei by simply changing the lipid environment required for the normal membrane expression of channels and/or receptors [91] . These manipulations may not affect membrane potential, but when voltage-dependent channels, for example, their activation could easily be altered.
Many of these issues are particularly critical when studying the PPN. For example, in some groups of neurons like the PPN [1, 37, 38, 49] high frequency subthreshold oscillations require the use of a ramp-like sustained depolarization that cannot be achieved using trains of light stimulation. Therefore, the kind of light-stimulated activity induced may be far from that induced by the normal synaptic activation of calcium channels mediating intrinsic oscillations. Moreover, these channels are expressed all along the dendrites of PPN neurons [36, 52] . The initial overexpression of the channelrhodopsin could interfere with the lipid rafts that organize, for example, high threshold, voltage-dependent channels [92] . Finally, since expressing these proteins in a cell could, a) alter protein expression, b) opsins could induce heat that changes the cell, and c) channel and pump activity can be altered [93] , the longterm insertion of these calcium leak channels could gradually change calcium intracellular concentrations, leading to abnormal responses to afferent inputs.
Conclusions
Hopefully, the case has been made for considering the roles of alterations by drugs of abuse and by the process of acquiring dependence as well as of relapse, on two of the most important new findings on the control of arousal. The discoveries of electrical coupling that promotes coherence, and of intrinsic membrane oscillations at beta/gamma frequencies remain virtually unexplored in the field of drug abuse. These two issues, coherence and gamma frequency, are critical to waking as well as attention, and higher functions. As such, their dysregulation may facilitate the initial susceptibility as well as the relapse to drug abuse, and could account for a number of as yet investigated consequences of the normal process of arousal.
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